The ideal geochronometer would be a universally stable phase that quantitatively retains both parent and daughter isotopes. Though a few mineral systems such as zircon U-Pb dating come reasonably close to this ideal, most minerals are incompletely retentive of daughterproduct nuclides under crustal conditions. The mechanisms by which the daughter product can be lost from minerals include dissolution-reprecipitation reactions (e.g., salt; Obradovich et al. 1982), recrystallization (e.g., micas undergoing deformation; Chopin and Maluski 1980), and diffusive loss (e.g., 40 Ar degassing of K-feldspar; Foland 1974) . The latter mechanism is perhaps the most common source of discrepancy between a radiometric mineral date and the age of the rock from which it formed.
INTRODUCTION
The ideal geochronometer would be a universally stable phase that quantitatively retains both parent and daughter isotopes. Though a few mineral systems such as zircon U-Pb dating come reasonably close to this ideal, most minerals are incompletely retentive of daughterproduct nuclides under crustal conditions. The mechanisms by which the daughter product can be lost from minerals include dissolution-reprecipitation reactions (e.g., salt; Obradovich et al. 1982) , recrystallization (e.g., micas undergoing deformation; Chopin and Maluski 1980), and diffusive loss (e.g., 40 Ar degassing of K-feldspar; Foland 1974) . The latter mechanism is perhaps the most common source of discrepancy between a radiometric mineral date and the age of the rock from which it formed.
Geochronologists have learned to turn this non-ideal behavior to their advantage and we now understand that most mineral ages from exhumed crustal rocks act in effect as kinetic thermometers sensitive to geologically-induced thermal effects. Such apparent ages are a measure of the temperature range over which daughter product ceased to be lost from a crystal, with intracrystalline diffusion usually acting as the rate-limiting process.
Consider the case in which a mineral sample containing a radioactive parent element experiences a complex thermal evolution, possibly involving heating as well as cooling. Within the sample, daughter product is continually produced by radioactive decay and lost by diffusion at natural boundaries. Although random at the scale of an individual atom, both diffusion and radioactive decay are highly predictable processes over longer and larger scales involving many particles. Coupled with the strong temperature dependence of diffusion, the elegant mathematics of the production-diffusion relationship make it possible to recover information about the thermal history experienced by such a sample, simply by knowing the amount of daughter product remaining in the mineral following cooling, or even better, by knowing the distribution of daughter product within the mineral. If one can justify the assumption of a monotonic cooling history of simple form, it is possible to assign a specifi c temperature to a bulk mineral date. By interpolating between several such data, a good approximation of the cooling history can be obtained. In the case of thermal histories involving reheating, if suffi cient constraints are available it can be possible to estimate the magnitude or duration of a thermal event. Because natural thermal variations may be too subtle to be revealed by the interpolation method mentioned, the preferred method is to harness knowledge of the internal concentration distributions where possible (see Harrison et al. 2005) . Collectively, such approaches are termed thermochronometry (or thermochronology) (Berger and York 1981) . Since geodynamic processes alter the distribution of heat in the crust, the thermal record preserved as isotopic variations in minerals can provide valuable insights regarding timing and rates of tectonic and surfi cial processes.
The tendency for minerals to lose daughter isotope relative to its parent is due in part to the nature of the transmutations caused by radioactive decay. For example, all three forms of beta decay result in the conversion of the parent element into adjacent isobars, with either one extra (β + ) or one fewer (β − , electron capture) proton. Thus 40 K (an alkaline metal) decays either to 40 Ca (an alkaline earth) or 40 Ar (an inert gas). Both daughter elements are geochemically incompatible in a host mineral that contains potassium as an essential structural constituent. In the case of the U-Th/He system, 4 He is produced by intermediate, radioactive daughter isotopes during the series decay of 238 U, 235 U, and 232 Th into isotopes of Pb. For both these noble-gas systems, incompatibility is enhanced by the inability of inert gases to chemically bond in silicates and so at elevated temperatures in the crust, Ar and He will tend to be lost from potassium-and uranium-bearing minerals, resulting in K-Ar and U-He ages much younger than that of mineral formation. Indeed, for most minerals, quantitative noble-gas retention occurs only in the outer ~0.2% of the Earth, explaining why 40 Ar is the third most abundant gas in the atmosphere (He is suffi ciently light that it rapidly achieves escape velocity and is lost from the atmosphere on short timescales). In general we expect that under crustal conditions in minerals of appropriate chemistry, the K-Ar and U-Th/He decay systems will behave as diffusively controlled thermochronometers.
In this chapter we focus on the K-Ar and U-Th/He decay systems and show how thermochronological data can be understood using solutions to the radioactive decay and diffusion equations. We review the fundamental principles of noble gas thermochronology with the intention of providing a basic grounding for those new to the fi eld. Recent developments and advances in the fi eld are the main subject of this volume, and references to recent work and discussion about ongoing controversies can be found in the relevant chapters. 40 Ar/ 39 
BASICS OF NOBLE-GAS GEOCHRONOLOGY K-Ar and

Ar systematics and analysis
The general age equation is:
where D is the daughter product, P is the parent, λ is the decay constant, and t is age. Because 40 K decays to both 40 Ar and 40 Ca, we must modify the K-Ar age equation to account for the fact that only about one in ten 40 K decays yield 40 Ar. This is done by dividing the total decay constant for 40 K (λ = 5.543 × 10 −10 /yr) by the partial decay constants to the 40 Ar branch by electron capture to an excited state (λ e = 0.572 × 10 −10 /yr) and electron capture to the ground state (λ e ′ = 0.0088 × 10 −10 /yr) (see McDougall and Harrison 1999) . Thus the branching ratio is: λ λ λ e e + = ′ 9 54 2 .
( ) Substituting this expression in Equation (1) yields: where 40 Ar/ 40 K is the present ratio of radiogenic 40 Ar to 40 K.
In the 40 Ar/ 39 Ar method, the sample to be dated is irradiated with fast neutrons to transform a proportion of the 39 K atoms to 39 Ar via the 39 K(n,p) 39 Ar reaction. Following irradiation, the sample is placed in an ultrahigh vacuum system and heated to fusion to release argon which is then isotopically analyzed in a mass spectrometer. Following correction of the measured Ar isotope ratios for argon isotopes produced by interfering neutron reactions and atmospheric Ar (assuming that non-nucleogenic 36 Ar is associated with 40 Ar in a ratio equivalent to the modern atmospheric value of 40 Ar/ 36 Ar = 296), a radiogenic 40 Ar/ 39 Ar ratio is calculated. Because this ratio refl ects the sample 40 Ar/ 39 K value, it is therefore proportional to age (see Eqn. 9 below). This is because 39 Ar is a measure of the amount of 39 K in the sample, and the
K ratio is essentially constant in nature (Humayun and Clayton 1997) . Rather than determining the absolute dose of fast neutrons the sample has received during irradiation, a standard sample of accurately known K-Ar age is irradiated together with the unknown, and the age of the unknown is then derived by comparison with the 40 Ar/ 39 Ar of the fl ux monitor standard.
Thus to derive the 40 Ar/
39
Ar age equation, we fi rst rearrange Equation (3) in terms of 40 Ar:
The amount of 39 Ar that is produced from 39 K during neutron irradiation is given by:
where 39 Ar is the number of atoms of 39 Ar produced from 39 K in the sample, 39 K is the original number of atoms of 39 K present, ∆ is the duration of the irradiation, φ(E) is the neutron fl ux at energy E, and σ(E) is the neutron capture cross section at energy E for the 39 K(n,p) 39 Ar reaction. Combining Equations (4) and (5) we get:
We then defi ne the irradiation parameter, J, as: 40 39 If the age of a standard is known from K-Ar age measurements, then J can be determined from Equation (7) by simply measuring the 40 Ar/ 39 Ar ratio of the standard following irradiation. Substituting Equation (7) in Equation (6) 40 Ar/ 39 Ar age of an unknown is:
Note from Equation (9) that the ratio of daughter 40 Ar to parent 40 K (via the 39 Ar proxy) is measured in a single isotopic analysis, obviating the need for separate analyses of potassium and argon and thus overcoming problems of sample inhomogeneity. Another advantage is that an 40 Ar/ 39 Ar ratio can be measured more precisely and on smaller samples than a conventional K-Ar age. However, the major advantage of the 40 Ar/ 39 Ar method over the K-Ar method is that an irradiated sample can be heated in steps, starting at relatively low temperatures and eventually reaching fusion, permitting a series of apparent ages related to the gas released at that step to be determined on a single sample. This approach, known as the step-heating technique, provides a wealth of additional information that can provide insights into the distribution of 40 Ar in the sample relative to the distribution of 39 K (and thus 40 K).
In the ideal case, release of the argon in the vacuum system occurs by diffusion as the sample is progressively heated. Thus, for a sample that has retained its 40 Ar since crystallization, both 40 Ar and 39 Ar likely occur in similar lattice sites as they have both been derived from potassium (Fig. 1) . If the two isotopes have similar transport behavior, they will be degassed in similar proportions thus yielding an essentially constant 40 Ar/ 39 Ar ratio and age in each gas fraction extracted. A plot of the apparent 40 Ar/ 39 Ar age for each step against cumulative proportion of 39 Ar released (termed an "age spectrum") will yield a fl at release pattern called a plateau (Fig. 1a) . However, a sample that has lost some of its 40 Ar, either during protracted residence at high temperature in the deep crust or during a thermal excursion, will have sites within its lattice that have different ratios of daughter 40 Ar to parent 40 K. During a step-heating experiment, such differences may be revealed by variations in the 40 Ar/ 39 Ar ratio measured on the gas fractions successively released from the sample, yielding a staircase-type age spectrum (Fig. 1b,c) .
In principle, any potassium-bearing mineral or rock can be used for K-Ar or 40 40 Ar and 39 Ar across an idealized mineral, and the lower diagram shows the associated 40 Ar/ 39 Ar age spectrum. a) Undisturbed subsequent to initial crystallization and rapid cooling yields a fl at age spectrum; (b) diffusive loss of 40 Ar in recent times; (c) diffusive loss of 40 Ar during an ancient event with subsequent uniform accumulation of 40 Ar. The age of the diffusion loss event is given by the intercept at 0% 39 Ar release and a minimum age for crystal formation by the last measured age (after McDougall and Harrison 1999).
structural constituent, such as micas and feldspars. Because the method is based upon the accumulation of radiogenic 40 Ar ( 40 Ar*), the radiogenic signal becomes greater with increasing age, and therefore there is no older limit for the method. The main limitation occurs when the relative proportion of 40 Ar* to total 40 Ar in a sample tends to zero. As this ratio decreases, the error in its measurement will increase exponentially and come to be quite sensitive to analytical limitations (see McDougall and Harrison 1999) . 40 
Ar/ 39 Ar mineral thermochronometers
White micas. White micas typically contain high (8-10%) potassium concentrations and occur widely in peraluminous granitoids and metamorphic rocks (e.g., they are common in metapelites ranging from chlorite to ultra-high pressure facies). Muscovite is retentive of radiogenic Ar below ~400 °C (Purdy and Jäger 1976) and is generally less susceptible to contamination by uptake of excess radiogenic Ar than biotite. Phengite, however, often contains excess argon (e.g. de Jong 2003) . Unlike biotite, muscovite and phengite commonly yield 40 Ar/ 39 Ar age spectra that can be interpreted in terms of distribution of radiogenic Ar in the crystals, as the intracrystalline distribution of 40 Ar appears to be retained during vacuum step heating.
Biotite. Biotite is virtually ubiquitous in granitoid rocks and common in medium to highgrade metapelites. Its typically high (7-8%) potassium content makes it a common candidate for K-Ar analysis, although it generally contains relatively high atmospheric Ar contents. Its retentivity for Ar is somewhat less than that of muscovite. While a biotite 40 Ar/ 39 Ar age will approximate the age of emplacement in the case of rapidly cooled igneous rocks, biotite ages from more slowly cooled igneous and metamorphic rocks will generally refl ect the time of cooling. The inability to produce meaningful age spectra from biotites appears to result from its instability during heating in vacuo, which tends to destroy radiogenic-Ar diffusion gradients (McDougall and Harrison 1999) .
K-feldspar.
Because of their abundance in nature, especially in silicic rocks, and because of their relatively high potassium contents (up to 17%), alkali feldspars have been increasingly used for 40 Ar/ 39 Ar dating (e.g., Lovera et al. 1989) , despite once being viewed as unretentive of argon at room temperature (Faure 1977) . K-feldspar is the most prevalent potassium-rich silicate in the crust that is suffi ciently stable during in vacuo heating to provide a reasonable expectation that natural 40 Ar * diffusion properties could be reproduced in laboratory stepheating experiments (Fitz Gerald and Harrison 1993) . Although the overall retentivity of K-feldspar for 40 
Ar
* is typically lower than that of the micas, its characteristically complex microstructure results in a broad temperature range for partial argon retention. Because of its stability during in vacuo heating, K-feldspar is able to record nearly continuous thermal histories under middle to upper crustal conditions (Harrison et al. 2005) .
Amphibole. Amphiboles are common in calc-alkaline igneous and metabasic rocks but are somewhat limited in K-Ar dating due to typically low (0.3-1%) potassium contents which make them susceptible to contamination with excess Ar or intergrowths with less retentive Krich phases such as biotite (see McDougall and Harrison 1999) . Hornblende is highly retentive of radiogenic Ar (Harrison 1981) , although there appear to be a compositional dependence on Ar retention. The presence of fi ne-scale exsolution in metamorphic amphiboles, particularly involving micaceous phases, can have a signifi cant effect on Ar retention in amphiboles.
Principal interpretive methods and analytical issues, 40 Ar/ 39 Ar
The age spectrum. As shown in Figure 1 , plotting 40 Ar/
39
Ar age as a function of cumulative 39 Ar release can in theory create a representation of the intracrystalline distribution of radiogenic Ar. Such a diagram is known as an age spectrum. Assuming that Ar is transported solely by diffusion and that 40 Ar and 39 Ar originate from similar sites and diffuse at similar rates, we can derive a simple quantitative model that predicts the age spectrum for a given internal distribution of 40 Ar (Fig. 5 ). Thus for a uniform distribution of 40 Ar, the model predicts a uniform 40 Ar/ 39 Ar ratio throughout the laboratory degassing process and a fl at age spectrum is interpreted as a closed system since formation (Turner 1968) . In many cases, notably the biotite micas, other possible degassing mechanisms (e.g., structural breakdown) dominate, potentially leading to fl at age spectra in cases where initially heterogeneous 40 Ar/ 39 Ar distributions are homogenized (McDougall and Harrison 1999) . It is also important to keep in mind that the values plotted on an age-spectrum diagram are not equivalent to a directly sampled concentration profi le across a mineral: both the measured 40 Ar and 39 Ar have been released from the sample by progressive diffusion; indeed, age spectra will always tend to reach apparent plateaus late in the gas release as diffusion brings the 40 Ar and 39 Ar concentration profi les within the sample into similar forms.
Despite these cautions, for several years the practice of using the fl atness of an age spectrum to distinguish between undisturbed and disturbed systems became unfortunately widespread, with any number of ad hoc defi nitions being proposed for what constitutes a plateau and therefore a "good' sample (see discussion in McDougall and Harrison 1999, p. 111) . From a thermochronological perspective (as we will show below), a simple rule is that a sample exhibiting a fl at release pattern will at best be boring, at worst be misleading, and in any case be of little use.
Total-fusion age. As an alternative to step-heating analysis, which can be quite timeconsuming, one has the option of measuring the total gas content of a sample in a single step. The result is termed a total-fusion age, and is equivalent to the sample's conventional K-Ar age. This approach would be inadvisable for samples having recoverable diffusion information, but certainly in the case of biotite, which is notorious for yielding false plateaus even in cases where the mineral must contain diffusion-produced concentration gradients, the argument could be made that for equivalent cost and effort, analysis of a greater number of discrete samples far outweighs any benefi ts gained by step-heating.
Excess argon. The K-Ar method routinely assumes that all mineral samples are contaminated with non-radiogenic Ar, albeit with Ar of atmospheric composition as noted above. However, this will only be the case if the minerals' immediate surroundings represent a more compatible reservoir for Ar than the host phase (see Baxter et al. 2002) . Thus in certain cases, samples can be contaminated with non-radiogenic Ar that greatly exceeds the atmospheric 40 Ar/ 36 Ar ratio resulting in anomalously old ages that in some cases exceed that of the Earth (Pankhurst et al. 1973; Harrison and McDougall 1981) . Early on, it was believed that many age spectra thus contaminated were characterized by "saddle-shaped" behavior, in which high initial ages decrease to a minimum and then rise to high apparent ages in the last portion of the gas release. The high ages early in gas release were thought to be due to diffusive uptake of excess Ar ( 40 Ar E ) from a high P Ar reservoir exterior to the grain with the minimum ages yielding an estimate of the true age. Harrison and McDougall (1981) suggested that the anomalously old ages late in release were due to excess Ar trapped in retentive lattice sites. It was subsequently noted that feldspars degassed using duplicate isothermal steps yielded saw-toothed age patterns (Harrison et al. 1993 ) that refl ect decrepitation of Ar E -bearing fl uid inclusions. By linking the saw-tooth age pattern with Cl/K ratios calculated from nucleogenic Ar isotopes, a correction scheme can be devised permitting separation of 40 Ar E from in situ radiogenic 40 Ar, at least for feldspars (Harrison et al. 1994 ).
Recoil. While we assume that the 39 Ar produced from 39 K during irradiation is distributed in a manner similar to the 40 K in a sample, the 39 K(n,p) 39 Ar reaction results in 39 Ar nuclei being recoiled with a characteristic lengthscale of 0.08 µm (Turner and Cadogan 1974) . Ultra-fi ne grained samples, such as clays or lunar basalts, exhibit effects of recoil redistribution of 39 Ar and can yield highly complex age spectra owing to depletion of 39 Ar from some phases and implantation into retentive catcher phases like olivine (Huneke and Smith 1978) . However, age spectra of the type routinely used in thermochronometry (i.e., monomineralic separates with particle dimensions much greater than the recoil distance) are unlikely to be affected by recoil redistribution. Note however, that the characteristic recoil lengthscale of 0.08 µm limits the spatial resolution of diffusion studies of irradiated material to ~0.1 µm.
(U-Th)/He systematics and analysis
Shortly after the discovery of radioactivity, it was recognized that the accumulation of 4 He from U and Th α-decay could be used as a geochronometer (e.g., Strutt 1908) . By the 1950's, however, it was generally recognized that most minerals were extremely "leaky" for He and the approach was essentially abandoned (Hurley 1954) until the method was re-evaluated from a thermochronological perspective (Zeitler et al. 1987 ).
In the minerals of greatest relevance to thermochronology, 4 ) are the relevant U and Th decay constants, and t is age. The expression, which can be solved recursively for age using the Newton-Raphson method, assumes secular equilibrium within the 238 U, 235 U, and 232 Th decay chains. This condition is met provided the host mineral is older than ca. 350 ka; in the case of petrologically old but very recently exhumed samples giving very young He ages, secular equilibrium in the decay series will long ago have been established, the young age being a refl ection of 4 He loss, not decay-series parents.
Unlike 40 Ar/ 39 Ar dating, which is generally applied to rocks and minerals containing the major element potassium, U-Th/He dating involves analysis of accessory minerals in which the radioactive parent elements uranium and thorium are concentrated, but nevertheless present in only trace amounts. Several factors combine to leave helium dating a viable method. First, the lower abundances of U and Th relative to K are to some degree offset by the faster effective production of He compared to Ar: for a given concentration of parent, more than 20 times more 4 He is produced per decay of 238 U than 40 Ar per decay of 40 K. Next, while the noble gases have impressively low detection limits in general, the measurement of even small amounts of 4 He is straightforward and not complicated by isobaric interferences from hydrocarbons as can be the case for Ar isotopes. Finally, of greatest signifi cance is that background levels of He in the atmosphere are very low, on the order of 1 ppm, compared to the ~1% of air that is 40 Ar. Thus, He ages do not require correction for an atmospheric component. In the considerable number of studies carried out in recent years, there is little evidence that geologically trapped, "excess" 4 He is an issue. However, 4 He is a crustal component that can locally reach high concentrations (e.g., gas wells) and there may be certain environments (e.g., active shear zones, fl uid inclusions) in which excess 4 He may be present. In any event, given the great range in observed 4 He/ 3 He ratios, the magnitude of this ratio (~10 6 ), and the low abundance of natural 3 He, it would not be realistic to attempt corrections for trapped 4 He in the way that Ar ages are corrected for atmospheric Ar, and fortunately atmospheric contamination does not appear to be a problem.
Most laboratories today analyze for 4 He using vacuum extraction systems similar to that used for 40 Ar/ 39 Ar dating. Samples are heated in either a furnace or by laser, the released gases are purifi ed, a 3 He spike is added, and the resulting mixture analyzed, in most cases by an inexpensive quadrupole mass spectrometer.
Step-heating analysis is possible for the purpose of determining diffusion data from the release of 4 He, but there is no way to generate a reference helium isotope from U and Th in the way that 39 Ar is used in 40 Ar/ 39 Ar dating, and so age spectra cannot be measured. One practical matter unique to helium step-heating analysis is that the low-temperatures at which He is released from some minerals make the traditional double-vacuum furnaces used in many noble-gas laboratories inappropriate, as these furnaces are too slow to equilibrate at these temperatures. Instead, special furnaces need to be constructed that are more responsive at low temperature, like the projector-bulb system described by Farley et al. (1999) .
(U-Th)/He mineral thermochronometers
Apatite. Apatite is the principal host of phosphorous in crustal rocks and is therefore virtually ubiquitous. Apatite typically contains 2-20 ppm U and, as other phosphates, tends to anneal radiation damage at low temperatures making it an appealing mineral for (U-Th)/He dating. Ironically, what makes apatite particularly interesting is the characteristic that led to the approach being abandoned in the middle 20th century-the purported "leakiness" of He in minerals. In revisiting applications of (U-Th)/He dating, Zeitler et al. (1987) focused on apatite as a phase likely to be unretentive of He. They proposed a "closure temperature" (see discussion below) of He in apatite of about 100 °C which was subsequently refi ned by further diffusion measurements to ~70 °C (Farley et al. , 2002 Wolf et al. 1996) . This temperature is substantially lower than all other thermochronometers and thus has the greatest sensitivity to changes occurring at the Earth's surface.
Zircon. Zircon is a very common accessory mineral found in most rock types, and the mineral has seen a great deal of use in geochronology, for U-Pb dating of high-temperature and rock-forming events, for provenance and protolith studies in sedimentary and metamorphic rocks, and for thermochronological studies using fi ssion-track dating. Zircons typically contain 100's to 1000's of ppm of U and Th, and thus even very young zircons contain abundant 4 He. Zircon is more retentive of He than apatite (Reiners et al. 2002) and appears to overlap the retentivity of K-feldspar for Ar (Reiners et al. 2004 ).
Titanite (sphene).
Titanite is another accessory mineral, fairly common in calc-alkaline igneous and metamorphic rocks, that contains 10's to 100's of ppm of U and Th. Work by Reiners et al. (1999) and Stockli and Farley (2004) have shown that titanite can give reliable and consistent ages, with the mineral having a retentivity for 4 He roughly on par with that of zircon. One drawback associated with titanite is that natural crystals often have irregular shapes that make it hard to identify fractured grains and hard to determine recoil-correction factors (see below).
Principal interpretive methods and analytical issues, (U-Th)/He
Bulk age. All helium ages are bulk ages that refl ect the total integrated 4 He content of the sample. Work is underway to develop means of sampling He concentration gradients, but currently and for the immediate future, helium ages will be equivalent to K-Ar or total-fusion 40 Ar/ 39 Ar ages.
4 He/ 3 He spectra. Shuster et al. (2003) and Shuster and Farley (2003) describe a means of assessing 4 He diffusion kinetics in the context of a uniform distribution of 3 He, somewhat analogous to how 40 Ar diffusion can be referenced to that of 39 Ar. A crucial difference is that the 3 He is produced via spallation using proton bombardment. Because most of the major elements in the sample will serve as targets, the 3 He that is produced will tend to be uniformly distributed. However, there is no possibility of obtaining age information because the spallation helium is not produced from the U and Th that are the parents for the radiogenic 4 He in the sample. Though technically more challenging, this approach does show some promise in providing information about 4 He concentration gradients that will be diffi cult if not impossible to sample directly with laser techniques, given the fi ne spatial scale of microns over which these gradients are likely to exist.
Alpha (α)-recoil.
A potentially serious complication inherent to (U-Th)/He dating is that the kinetic energy imparted to α-particles during decay result in their being displaced many microns through the host mineral, leading to a spatial separation between parent and daughter. In the case of minerals whose size is similar to the ejection length-scale, this can result in the ejection of a substantial fraction of the daughter 4 He. Typically, the outermost ~20 µm of a crystal is affected, the average alpha-particle range varying slightly depending on parent . The solution is to estimate the fraction of ejected 4 He and make a correction to the observed age (assuming that implantation from adjacent grains is insignifi cant and that U and Th are uniformly distributed). The most commonly used approach is that of Farley et al. (1996) who provide expressions to calculate the fraction of α-particles retained in crystals of varying geometry (the "F T " parameter). Of practical signifi cance, Farley et al. (1996) found that the key element in controlling alpha ejection is the surface-to-volume ratio, and they provide an empirical expression between this ratio and F T , allowing corrections to be readily made for more complex grain geometries for which a simple analytical solution is not available.
The need to correct helium ages for recoil raises some analytical constraints and issues. First, it is important to analyze intact grains, unless pairs of broken grains can be matched, since the correction procedure assumes an intact grain, all of whose surfaces have experienced recoil loss. Next, in the strictest sense, correction for α-recoil is only applicable to samples that have cooled quickly and never lost helium. For samples that have experienced a complex cooling history, the concentration gradient induced near grain ages by the recoil process will modify the concentration profi les produced by diffusion and thus the rate of diffusion itself (Meesters and Dunai 2002a ). However, this will be a small effect, and for most samples which spend the greatest part of their lives accumulating a full complement of helium subsequent to cooling, the recoil correction makes sense and yields a far more meaningful result than leaving the age uncorrected.
U and Th heterogeneity. U and Th distributions in accessory minerals tend to be complex. Zoning in apatite is not usually very strong but in zircon in particular, years of experience with U-Pb and fi ssion-track dating have shown that zircons can display extremely complicated high-amplitude zoning variations that are not always of regular pattern and morphology (Meesters and Dunai 2002b) . This can greatly complicate the recoil-loss behavior of a sample and render attempts at recoil correction almost worse than useless. Consider the case where a sample is strongly zoned such that a good fraction of its total U content is located within 20 µm of grain edges. Much of the helium generated in such a sample will be ejected from it, and an alpha-recoil correction made on the assumption of uniform U distribution will be inadequate. In practice, this problem can sometimes be overcome using replicate analyses, although if grains in a sample all have similar zoning structure, even replication may not help. Hourigan et al. (2005) describe a method of characterizing zoning patterns in zircons in order to make more appropriate alpha-recoil corrections.
DIFFUSION Background
In noble-gas geochronology, it is generally assumed that the phase of interest is immersed in an 'infi nite reservoir' of zero daughter product concentration and that the rate-determining diffusion process is volume diffusion through the crystal lattice, as opposed, say, to grainboundary diffusion along crystallographic structures. In this case, no issues related to chemical potential arise and simple concentration is the parameter of interest. Noble-gas diffusion obeys 132
Harrison & Zeitler
Fick's First Law: the rate of transfer of mass per unit area is proportional to the concentration gradient (Fick 1855) . It is worth noting that Fick's First Law applies to the aggregate behavior of many diffusing particles. In detail, any one particle could move randomly in any direction, but if there is a concentration gradient present, this locally random behavior will result in a net movement of particles down the diffusion gradient. As an example, imagine an immaculate house in autumn surrounded by a garden fi lled with fallen leaves. As people tramp into and out of the house, they will tend to bring a leaf or two with them, and leaves will fl ow in both directions. However, because at the start there were more leaves outside than inside, there will be a net fl ux of leaves into the house. Should the homeowner surrender in despair and not intervene, eventually the concentration of leaves inside and out would become equal, and there would be no net fl ow, even as leaves continue to enter and exit the house.
The diffusion equation. The general problem of unsteady-state diffusion within a solid involves the prediction of the concentration distribution C(x,y,z) within a solid as a function of the space coordinates and time, t. To derive an equation that can be solved for C (x,y,z,t) , conservation of mass and Fick's fi rst law are applied to a differential control volume. The resulting expression is the diffusion equation: 
Diffusion mechanisms
Atoms migrate within a solid through a series of random jumps between equilibrium lattice sites. Distortion of the lattice to permit a diffusion jump is affected via local thermal energy and thus the rate of diffusion increases with increasing temperature. Although the rate of this random migration is independent of chemical potential in dilute solutions, the presence of concentration differences results in a net fl ux down the gradient. When a boundary is encountered beyond which no return of the diffusing species is possible (e.g., the edge of the crystal, sub-grain planar defects), the randomizing process of diffusion results in the movement of mass from regions of high to lower concentration.
Four possible transfer mechanisms for atomic diffusion are possible (Fig. 2) : an exchange of adjacent atoms, an atom moving into a neighboring vacant lattice site, an interstitial atom sited in between normal lattice sites moving into a new interstitial location by squeezing past atoms in regular sites, and an interstitial atom displacing a normally sited atom into another interstitial location.
The Arrhenius relationship
Point defects form via thermal processes (intrinsic defects) and as a result of chemical impurities (extrinsic defects) which create vacancies in order to conserve charge. Above absolute zero temperature, there is a fi nite probability of an atom having suffi cient local thermal energy to migrate from its current position to an adjacent site by the mechanisms shown in Figure 2 . As temperature is raised, the probability of an atom in the Boltzmann distribution acquiring the threshold energy to overcome the potential barrier increases exponentially. Because both the rate of defect formation and migration are exponentially activated, the overall temperature dependence of the diffusion coeffi cient, D, is given by the Arrhenius relationship:
where E is the activation energy, R is the gas constant, T is absolute temperature, and D 0 is the frequency factor. Units for D are typically given in cm 2 /s.
By taking the base-10 logarithm of both sides of Equation (11) we obtain log log .
Note from Figure 3 that both the activation energy (E) and frequency factor (D 0 ) parameters can be extracted from a linear array of diffusion data on an Arrhenius-type plot. In this example, the logarithm of the diffusion coeffi cient D is plotted against the reciprocal absolute temperature. Equation (14) is in the form of an equation of a straight line, y = b + mx, where y is the log D coordinate, E/(2.303R) is the slope of the line in Figure 3 , 1/T is the x axis and log(D 0 ) is the y axis intercept of the line. Thus the slope of the line in Figure 3 is proportional to the activation energy and the y axis intercept is the logarithm of the frequency factor. While strongly dependent on temperature, diffusion is predicted to decrease as pressure increases due to both a drop in number of vacancies in response to the crystal relieving internal pressure and the extra work diffusing atoms must perform against the confi ning pressure to distort the lattice to make a diffusion jump. The modifi ed Arrhenius equation is:
where P is the confi ning pressure and V is the activation volume (e.g., Harrison et al. 1985; Giletti and Tullis 1977) .
Episodic loss
Equation (12), the expression for the concentration distribution within a sphere, is of limited use in 40 Ar/ 39 Ar or U-Th/He dating as we lack the analytical resolution needed to directly image isotope distributions in situ. However, in cases where we can estimate the amount of uptake or loss into or from the solid, solutions relating the degree to which the system has approached equilibrium as a function of the Fourier number (Dt/r 2 = Fo) can be useful.
To obtain expressions for the fractional loss (or uptake), the concentration remaining after time t (determined by integrating the concentration distribution between x = 0 to x = r at t) is subtracted from the initial uniform concentration, C 0 , and this remainder is then normalized to C 0 . This fraction represents the approach from zero loss (ƒ = 0) at t = 0 to total equilibration at t = ∞. Thus fractional loss, ƒ, is Graphical results of these equations for f vs. Dt/r 2 for spherical, cylindrical, and plane sheet geometries are shown in Figure 4 ; note for example, that a value of Dt/r 2 of 0.018 is required to produce a 40% fractional loss from a sphere. 
Coupling fractional loss equations with the Arrhenius relationship
Solutions of the diffusion equation in terms of fractional loss (f) yield expressions in terms of the Fourier number, Dt/r 2 (= Fo) (Fig. 4) . Thus a numerical value of the Fo number can be calculated for any estimate of f. Substituting the Arrhenius relationship (Eqn. 13) into the defi nition of the Fo number yields an expression that relates fractional loss to peak temperature T in a square-pulse type thermal event of duration t:
The principal limitation of this solution is that D lacks time dependence, restricting the equation to describing the geological uninteresting case of an isothermal history. However, by substituting:
we can then handle any arbitrary thermal history (Brandt 1974; Dodson 1975; Lovera et al. 1989) . Understanding that this too-often unheralded substitution can be made is of critical importance in thermochronology. For example, assuming a temperature history of the form t = 1/T permits Equation (17) to be integrated to yield an expression of the form
where A is a geometric constant and τ is a constant related to the cooling rate and activation energy (Dodson 1973) . The parameter T c is referred to as the closure temperature. It is in effect the characteristic temperature of retention associated with the age of the bulk geochronological system.
Calculation of age spectra resulting from episodic loss
While we are not yet able to clearly image 40 Ar/ 39 Ar distributions directly, the 40 Ar/ 39 Ar age spectrum method offers the potential to make observations at a fi ne spatial scale. Assuming the presence of a single site for Ar, synthetic 40 Ar/ 39 Ar age spectra based on diffusion from simple diffusion geometries can be constructed. In the case of radial diffusion from a sphere, the theoretical 40 Ar/ 39 Ar release pattern (Turner 1968) can be determined by evaluating the relative fl ux of 40 Ar with respect to 39 Ar.
For the case where: C 0 is the concentration of 40 Ar produced prior to outgassing, ∆t 1 is duration of natural outgassing, ∆t ′ is the duration of laboratory outgassing, and C 39 is the unit value of 39 Ar K concentration, the 40 Ar/
39
Ar ratio for any fractional loss of 39 Ar due to a laboratory heating ∆t ′, can be obtained by dividing the function that describes the 40 Ar * fl ux from the sphere by the 39 Ar fl ux equation yielding: Ar. Also plotted in Figure 5 are theoretical age spectra for an infi nite cylinder geometry.
The basis of this model can be seen in Figure 4 . Note that the fl ux of 40 Ar or 39 Ar for any value of Dt/r 2 is given by the tangent to the curve. Because of the pronounced curvature of the function representing the sphere (due to the center of mass of the gas being closer to the diffusion boundary compared to the sheet model), a sample that has experienced even minor 40 Ar loss will not reach a uniform 40 Ar/ 39 Ar value until very late in the degassing. This is because even the small offset in Dt/r 2 between the 40 Ar and 39 Ar distributions places the 40 Ar gradient well up the steeply convex curve thus preventing the two tangents from becoming coincident until the sample is essentially outgassed. In contrast, the more linear nature of the plane sheet geometry curve allows the 40 Ar and 39 Ar gradients to rapidly reach a common value.
Closure temperature
Introduction. In the previous section, an expression was derived relating the Arrhenius relationship with solutions for fractional loss (for a constant D) to yield an expression that relates temperature and heating duration to the degree of isotopic equilibration (Eqn. 17). Of far greater importance is the case in which a sample experiences a complex thermal history, possibly involving heating as well as cooling, during which the daughter product is continually produced by radioactive decay and lost by diffusion. Although a closure temperature is only relevant to samples which that monotonically cooled from high to low temperatures, this condition holds for many samples, and in addition, closure temperature serves as a useful shorthand for describing the retentivity of a system.
Solutions for time-dependent D.
Recall that by linking the dimensionless parameter Fo (≡ Dt/r 2 ) obtained from the fractional loss expressions with the Arrhenius equation yielded a relationship (Eqn. 17) from which the maximum temperature of a square pulse thermal history could be calculated. Although this is of little geological utility, this simple expression does embody the basic form of the thermochronological relationship in that a characteristic temperature of the system is related to the diffusivity and time. The principal limitation of this relationship is that D lacks time dependence, restricting the equation to describing only a squarepulse thermal history. However, by substituting a time-varying diffusion coeffi cient defi ned as 
where A is a constant related to the geometry of diffusion (e.g., radial diffusion in a sphere) and the nature of the thermal history, τ is a function related to the form of the integrated thermal history, and T is the characteristic temperature of the system. For example, by assuming that the temperature history proceeds linearly in 1/t, Equation (21) can be integrated to yield a simple relationship for τ that in turn permits a "closure temperature" to be calculated.
Monotonic cooling. Minerals originating at deep crustal levels undergo a transition during slow cooling from temperatures that are suffi ciently high that the daughter escapes as fast as it is formed, to temperatures suffi ciently low that diffusion is negligible and the retention of radiogenic isotopes by the mineral can be thought of as complete. Between these two states there is a continuous transition over which accumulation eventually balances loss, then exceeds it. Figure 6 (Dodson 1973) shows how a calculated age in this situation relates to the transition intervalthe apparent age is the extrapolation of the total accumulation part of the curve to the time axis, which implicitly corresponds to an apparent temperature at which the bulk system became closed. In spite of the fact that closure does not occur at this time, the prior accumulation and subsequent loss balance to give thermal signifi cance to the apparent age. Thus the general problem of isotopic closure during slow cooling is to quantify the shifting balance between accumulation and loss of daughter product. Assuming that a cooling history proceeds linearly in 1/T, the decrease in the diffusion coeffi cient has the form of a simple exponential decay (Dodson 1973 ) with a time constant, τ, which corresponds to the time taken for D to diminish by a factor e −1 (i.e., to drop to 37% of its previous value). Thus from the Arrhenius relationship we can write
where T 0 and D(0) are the initial temperature and diffusion coeffi cient, respectively, at time t = 0. For example, when t corresponds to twice the time constant, the exponential coeffi cient reduces the initial diffusivity to 14% of its original value. Note from Equation (23) that
This relationship holds provided that the cooling interval is short with respect to the half-life of the decay system used.
The exponential decay of the loss coeffi cient with time, a consequence of the form of the Arrhenius law, allows for a closed mathematical solution to the diffusion problem. Dodson (1973) derived a general solution of the accumulation−diffusion−cooling equation for a single diffusion length scale using appropriate substitutions and variable boundary conditions that reduced the problem to an equation identical to Fick's Second Law. This equation can then be solved using general infi nite series solutions (Carslaw and Jaeger 1959) for sphere, cylinder, and plane sheet geometries yielding expressions for the concentration distributions. Dodson (1973) also evaluated the coeffi cients which reduce these expressions to a single characteristic temperature he called the closure temperature (T c ) and provided two heuristic examples to illustrate the nature of the closure concept.
Below we show a non-rigorous calculation to illustrate how linking linear cooling in 1/T with diffusive loss via the Arrhenius relationship can derive the general form of the closure equation.
Simplifi ed derivation of the closure temperature equation. Consider the cooling history shown in Figure 6 in which 1/T increases linearly. Assuming for the moment that the transition between open and closed system behavior occurs over the relatively narrow temperature interval from T 1 to T 2 (due to the strong temperature dependence of D), we can write two Arrhenius equations:
Dividing (26) by (25) yields
Thus for a drop in diffusivity from T 1 to T 2 of a factor of e
where T is cooling rate), Equation (28) 
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Despite the highly oversimplifi ed nature of this derivation, it leads to the form of the closure equation. For the rigorous solution, the values for the geometric constant A can be evaluated and correspond to 55 for the sphere, 27 for the cylinder, and 8.7 for the plane sheet (Dodson 1973) . Note that in the spherical case, a value of A = 55 corresponds to Dt/r 2 = 0.018 which in turn translates to a fractional loss of about 40%.
Note that Equation (30) is iterative in T c . That is, a trial value inserted into the argument of the logarithm will return a second-order estimate of T c . Because the logarithm dampens sensitivity to variations in the iterative process, this loop converges rapidly, usually in two iterations.
Assumptions of the closure temperature model. The closure temperature model (Eqn. 30) applies only in those cases where either the simplifying assumptions are met or the results are insensitive to violations of these assumptions. In the case of the slow-cooling model, the time constant (over which the diffusivity drops by a factor e −1 ) must be much greater than the initial value of the characteristic diffusion time, r 2 /D(0). In other words, diffusion must be initially so rapid that the daughter product is not retained on a timescale equivalent to τ. Although the assumption of linear cooling in 1/T was adopted in order to make the mathematical solution tractable, a calculated closure temperature is generally highly insensitive to the form of the cooling history (Lovera et al. 1989 ). Other obvious violations of model interpretations include the presence of excess daughter product due to failure of the infi nite reservoir assumption, subsequent open-system behavior, and mineral recrystallization. To expand on this latter point, should the mineral of interest form below the closure temperature, for example, during low grade metamorphism, then the closure model is no longer a valid description of the daughter retention history. Similarly, if cooling is accompanied by differential stress resulting in recrystallization, then the likelihood of diffusion being the rate-limiting daughter product transport mechanism during such structural reconstitution is remote.
Partial retention zone. The transitional interval of temperature (and for cooling geologic systems, time) that is implicit in closure theory fi nds real expression in crustal rocks. At Earth's surface temperature, all thermochronological systems will be effectively closed, and at lower-crustal depths and temperatures, all of the commonly used minerals used in thermochronometry will be completely open. Clearly with increasing depth and therefore temperature there will be a gradual transition for each system from closed to open behavior. This transition has been observed in deep boreholes, quite commonly for the less retentive systems such as fi ssion-tracks in apatite and zircon (e.g., Naeser and Forbes 1976), but also in other minerals in deeper boreholes like the KTB hole or in exhumed crustal blocks (e.g., Warnock and Zeitler 1998; Stockli and Farley 2004) . This transitional interval is referred to the "partial retention zone" or PRZ (Wolf et al. 1998) ; in fi ssion-track dating the interval is referred to as the "partial annealing zone" or PAZ (Gleadow and Fitz Gerald 1987) .
The exact nature of the PRZ depends on local geological conditions and the local tectonic history. In an active, steady-state orogen for example, where erosional exhumation is causing cooling of the crust, the crustal profi le of mineral ages will be under the control of the rock uplift which is moving samples through the PRZ. In contrast, in a stable crustal column beneath, say, a craton, samples at various depths are in effect experiencing a prolonged isothermal heating in which daughter-isotope production and diffusional loss trade off to varying degrees, creating potentially large gradients in mineral age with depth. Figure 7 illustrates several forms that the PRZ might take. The accumulation of Ar or He in samples that were stagnant in the PRZ or took a complex path through has been modeled in most laboratories using numerical methods that account for the general case of radiogenic accumulation and diffusive loss of daughter product (e.g., Wolf et al. 1998; Dunai 2005; Harrison et al. 2005; Ketcham 2005 ).
In certain circumstances, the PRZ has a suffi ciently distinctive form that it can serve as an important marker in tectonic studies, something that has been widely exploited in lowtemperature thermochronology in particular, using fi ssion-track dating of apatite, and more recently U-Th/He dating of apatite and zircon (e.g. Stockli et al. 2000) . Specifi cally, if a region has been tectonically stable and then experiences a pulse of rock uplift, it can be possible to identify a "fossil" PRZ in the pattern of ages with structural depth, providing information about both the timing and amount of exhumation (Fig. 7) .
It is also very important to keep in mind that thermochronometers that have cooled through the PRZ will preserve an internal record of their passage in their daughter-product concentration profi les. Such "closure profi les" (Dodson 1986 ) can be inverted to provide a record of the relevant segment of the sample's time-temperature history, provided this profi le can be sampled be either indirect means such 40 Ar/ 39 Ar or 4 He/ 3 He stepheating (Harrison et al. 2005; Shuster and Farley 2005) or direct sampling by direct means such as depth profi ling by ion probe (e.g. Harrison et al. 2005) .
EXPERIMENTAL DETERMINATION OF DIFFUSION PARAMETERS
Calculation of diffusion coeffi cients from bulk loss experiments
Because we are not able to directly observe natural 40 Ar/ 39 Ar or 4 He diffusion profi les, we must assess diffusion behavior by estimating the amount of uptake or loss. One commonly Figure 7 . Schematic representation of "partial retention zone." Solid curves show age profi le in crust under conditions of continuous erosional cooling at orogenic rates (c1, at left) and after erosional cooling followed by a prolonged interval of stable conditions without erosion or burial (c2, right). Dashed curve (c3) shows crustal age profi le after an modest pulse of uplift and erosion is superimposed on case c2. Approximate locations of modern and "fossil" PRZs are also shown. used approach to measure diffusion of noble gases in natural materials is to measure the fractional approach toward equilibration of the radiogenic daughter resulting from a controlled heating experiment.
Approximations for fractional loss (ƒ) from a sphere as a function of Dt/r 2 can be written (Fechtig and Kalbitzer 1966) In cases where r is the measured particle size, or can be inferred from experiment, a unique value for D can be determined.
Choosing an appropriate diffusion model for a mineral of complex geometry may not be immediately obvious. As an example, consider the case of biotite. Since diffusion in biotite proceeds much more rapidly parallel to the cleavage compared with perpendicular, an infi nite cylinder may be an appropriate model despite the fact that mica is a sheet-like mineral. Planar structures such as perthite lamellae in alkali feldspar can be satisfactorily described as a plane sheet if the lamellar boundaries defi ne the effective diffusion dimension.
Calculation of Ar and He diffusion coeffi cients from step-heating results
If we make the assumption that the diffusion mechanisms and boundaries that defi ne Ar and He retentivity in nature are the same as those that control degassing during laboratory heating, we can also extract model diffusion coeffi cients (D/r 2 ) from stepwise heating of irradiated samples. Because the reactor-produced 39 Ar is distributed in a similar fashion to 40 K (which is broadly uniform within K-feldspars), it is preferable to use 39 Ar for this purpose as the concentration distribution of 40 Ar from slowly cooled samples is unknown. In the case of helium, until recently there has been no real choice but to use radiogenic 4 He as measured and, depending on the nature of the sample, either assume a uniform distribution, or attempt a workaround that assumes that there has been He loss or slow cooling suffi cient to produce a concentration gradient, with diffusion calculations for later steps being relatively insensitive to the details of this assumption.
For the m th laboratory heating step, log(D/r 2 ) can be written as (Lovera et al. 1997) log log log ( ) D r t t A potential limitation of this approach is that errors introduced at any step m are propagated into subsequent steps. An expression for the propagation of errors in calculation of diffusion coeffi cients from step heating data is given in Lovera et al. (1997) .
Experimental criteria
The requirements of a diffusion study vary depending on the nature of the experiment, but two criteria must be met in all cases: the mineral must remain stable throughout the duration of the experiment and the initial distribution of the diffusing substance must be known. In the specifi c case of bulk-loss type experiments (e.g., Giletti 1974) , several other factors must be known including the shape and effective diffusion length scale of the particles in the aggregate. For purposes of interpretation, diffusion experiments should be designed to address questions regarding chemical vs. tracer diffusion or wet vs. dry conditions. Recrystallization and incongruent dissolution during annealing are concerns that must be evaluated as are possible radiation-induced effects for 40 Ar/ 39 Ar or 4 He/ 3 He experiments.
Laboratory diffusion studies -helium
General observations. Studies conducted to date on He diffusion in apatite, zircon, and titanite all suggest that in these accessory minerals, the effective diffusion radius seems to be the physical grain size. All of these three phases show artifacts in their diffusion behavior in the form of non-linearities on their Arrhenius plots, with apatite being the best behaved at the more geologically relevant lower temperatures. In all cases, laboratory diffusion behavior under vacuum seems to be consistent with fi eld calibrations, comparisons to one another, and comparisons to other thermochronometers. Shuster et al. (2003) , in conducting their initial work on using proton-induced 3 He as a means of studying He diffusion, made the interesting fi nding that 3 He and 4 He seem to diffuse at very similar rates, despite the substantial relative difference in their masses. They speculate that the absence of the expected mass dependence of He diffusivity may be indicative of the diffusion mechanism in operation in apatite, with a process like diffusion of lattice defects being the controlling factor.
Apatite. Studies of Durango apatite indicate that He diffusion occurs via a thermallyactivated volume diffusion process in the temperature region 100° to 300 °C with an activation parameters of E = 32.9 ± 1.6 kcal/mol and D 0 = 50 cm 2 /s (Farley 2000) . D 0 /a 2 varies with grain size indicating that the grain size defi nes the diffusion domain (Farley 2000) . These parameters translate into a closure temperature of 70 °C for apatites with a ca. 100 µm diffusion radius at a cooling rate of ca. 10 °C/Ma. Zircon. Reiners et al. (2002) found that He release from zircon is complex. Temperature cycling experiments suggest that either zircon contains diffusion domains smaller than the physical grain size, or that annealing of radiation damage during the diffusion experiment was altering the diffusion properties of the zircon (Reiners 2005) . They suggest a minimum activation energy for geological relevant 4 He diffusion of about 44 kcal/mol, and a 10 °C/m.y. closure temperature for typical zircons of about 190 °C. This estimate was supported by comparisons between K-feldspar-derived cooling histories and zircon helium ages, as well as further diffusion experiments (Reiners et al. 2003) . These more recent data suggest activation energies of around 40 kcal/mol for portions of the low-temperature gas release, equivalent to closure temperatures of between 170 and 190 °C which show good concordance with the Kfeldspar data (10 °C/m.y., 60 µm crystal radius).
Titanite. Reiners et al. (1999) examined He diffusion in titanite. Despite some nonlinearity in diffusion behavior early in gas release, overall, He diffusion in titanite seems well-behaved, with much of the gas release following a linear Arrhenius relationship having an activation energy of ~45 kcal/mol. For the samples studied, the diffusion data equate to closure temperatures of about 190 to 220 °C (200 to 800 µm crystal radius, 10 °C/m.y.). In their study of titanites takes from the KTB deep borehole, Stockli and Farley (2004) found that their measured ages agreed very well with predictions for retentivity made from the diffusion data.
Laboratory diffusion studies -argon
Biotite-phlogopite. Using the bulk loss approach, Giletti (1974) The fact that the 202 µm radius data plotted above the other data was attributed to the intrinsic effective diffusion radius being smaller than the measured grain radius. If so, this implies an effective diffusion radius of ~150 µm for this material, similar to estimates inferred from geological studies (e.g., Wright et al. 1991) . Note that inferences from in situ laser probe studies that the characteristic Ar diffusion dimension is equivalent to grain size can be incorrect due to both low spatial resolution and the fact that the effective diffusive lengthscale is not equivalent to the largest domain size observed in a crystal (see Grove and Harrison 1996) . Grove and Harrison (1996) Using an empirical diffusion model (Dowty 1980; Fortier and Gilleti 1989) to predict relationships between Ar diffusivity and chemistry, Grove (1993) K-feldspar. Foland (1974) undertook an Ar diffusion study of a homogeneous orthoclase (Benson Mines) using hydrothermal and vacuum heating. These data yielded an E = 43.8 ± 1.0 kcal/mol and D 0 = 0 0098 0 0037 0 0066
2 /s and revealed that 40 Ar loss from alkali feldspar proceeds at the same rate whether heated in vacuum or under water pressure. Numerous vacuum step heating studies of irradiated K-feldspars have been undertake as a by-product of 40 Ar/ 39 Ar dating (e.g., Berger and York 1981) . Results of these experiments generally yield an initially linear array that was similar to the E obtained by Foland (1974) . However, this simple Arrhenian behavior breaks down at higher temperatures yielding complex patterns. This behavior of the Arrhenius plot is now understood to result from basement K-feldspars typically containing a discrete distribution of diffusion length scales (Lovera et al. 1991 ).
The approach of using the vacuum step heating approach to establish argon diffusion behavior in K-feldspars was well documented by Lovera et al. (1997) who developed a large data base of analyzed samples. They focused on the low-temperature data which typically yield a linear Arrhenius relationship and statistically analyzed the results using an automated routine with a uniform set of selection criteria (Fig. 9) . In general, they found that the propagated uncertainties in the calculation of log(D/r 2 ) from step heating data amount to only ± 0.05 log units (in s −1
). K-feldspars measured using a consistent extraction schedule (i.e., duplicate isothermal steps from 450-500 °C) yield Arrhenius plots with log(D/r
2 ) values that vary by less than two orders of magnitude at any given temperature.
Muscovite. The relatively narrow pressure-temperature fi eld of stability of muscovite and Ar diffusion kinetics severely limits the experimental determination of argon diffusion to between 700 °C and 600 °C. Robbins (1972) undertook a hydrothermal diffusion study of muscovite and calculated Arrhenius parameters for his results using both an infi nite cylinder and plane sheet model. A reasonably good fi t of all data could be made with the plane sheet model yielding E = 40 kcal/mol and a D 0 = 6 × 10 −7 cm 2 /s, although an equivalent argument could be 
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made for the infi nite cylinder calculation with a similar activation energy but a frequency factor some 500 times larger. Hames and Bowring (1994) re-evaluated Robbins (1972) results and preferred an infi nite cylinder model with E = 43 ± 9 kcal/mol and log D 0 = −3.4 ± 2 (cm 2 /s). Lister and Baldwin (1996) instead argued for a sheet geometry with a characteristic thickness of ~12 µm for Robbins (1972) 
Hornblende. Harrison (1981) Harrison et al. (1992) reported an additional diffusion measurement of the Mg-rich hornblende and obtained a somewhat lower value. Baldwin et al. (1990) further investigated the Fe-rich hornblende of Harrison (1981) and obtained results that were consistent with the earlier determined activation energy. They also hydrothermally treated two compositionally contrasting metamorphic amphiboles (Mg# of 0.71 and 0.43) containing complex exsolution structures. Results indicated that the effective diffusion lengthscale was substantially smaller than the measured particle size, probably refl ecting the observed phyllosilicate intergrowths and/or exsolution lamellae that partition the hornblende crystals into smaller subdomains. No systematic dependence of argon diffusivity on Mg# has been yet established (Harrison 1981; Baldwin et al. 1990; Cosca and O'Nions 1994) . The ionic porosity model (Fortier and Gilleti 1989; Dahl 1996) applied to the compositional dependence of argon retention in amphiboles predicts relatively small effects.
INTERPRETATION OF THERMOCHRONOLOGICAL DATA
It is beyond the scope of this chapter to explore modern approaches in interpreting thermochronological data. Instead we provide a few comments about the nature of such data, how they should be viewed, and what their current limitations are, echoing comments made by Reiners et al. (2005) .
Heat transfer
Thermochronological data are inextricably linked to issues of how heat is transferred in the lithosphere and how various geodynamic processes alter the temperature potential fi eld (Ehlers 2005) . How exactly a thermochronological study is designed depends very much on the geologic context of the problem (Braun 2005; Gallagher et al. 2005) . Interestingly and fortunately for the practitioner, both mass and heat conduction occur by diffusion, and so share a common mathematical description. However, in many cases geological problems are highly underdetermined when it comes to posing exact thermal solutions, and thermochronological data alone cannot make the difference even as they provide critical boundary conditions. Very generally, higher-temperature systems will be easier to work with and interpret, as higher-temperatures in the crust will usually be less prone to locally complex temperature distributions and rapid changes in temperature. In contrast, at the very lowest temperatures at which thermochronology is currently applicable, below 100 °C, many processes beyond conductive heat transfer can become important (e.g., fl uid fl ow), and topographic, structural, and lithologic factors all begin to play major roles in shaping the temperature fi eld. In the shallow crust such phenomena as isotherm advection in three dimensions become signifi cant in tectonically active regions.
Sampling considerations
In detail, what methods to use and how to distribute samples will depend entirely on the nature of the problem at hand. In general, geochronology has a legacy that emphasizes precise analysis of small numbers of well-characterized samples. While we are certainly not opposed to precision and characterization, the thermal considerations we mentioned above do bring with them some demands. Faced with a complex temperature fi eld that has evolved through time, sampling campaigns for thermochronology need to be wary of aliasing results through undersampling. Modern laboratories have greatly improved their capacities for sample throughput by means of automation and by reducing the amount of material that must be processed to obtain an analysis, but some compromise in method and precision might be required to meet the demands of an extended sampling campaign (e.g., opting for total-fusion rather than step-heating data for biotite samples, or substituting U-Th/He ages on zircon for detailed K-feldspar age spectra). Thinking about how seismic data are acquired and treated, in which multichannel sampling and procedures such as stacking enhance signal-to-noise ratios, we would argue that for many applications thermochronologists would benefi t from an analogous approach.
Constraining power
Well-designed thermochronological studies and well-behaved samples can provide remarkably tight bounds on segments of thermal histories. However, it is important to keep in mind that at the other extreme, any single mineral age can be explained by myriad thermal histories, including monotonic cooling at varying rates, and all manner of resetting scenarios including prolonged thermal stagnation. To be most successful, thermochronological studies need to be carried out in conjunction with good structural, stratigraphic, and geochronological constraints.
Intercomparison and accuracy of thermochronological data
To date, there are no thermochronological standards available with which labs can compare results, either at the analytical level (e.g., diffusion data obtained from step-heating) or at a more derived level (e.g., complete thermal histories). In some cases, as in 40 Ar/ 39 Ar step-heating analysis of K-feldspar, segments of thermal histories can be determined that are probably precise and accurate to within 5-10 °C and well less than 1 m.y., assuming a wellbehaved sample and a well-calibrated furnace. On the other hand, for many other mineral systems, much of our knowledge about their behavior comes from comparisons to other thermochronometers, diffusion data are scanty, and what diffusion data are available are frequently applied to unknowns based on mere assumptions about similarities in diffusion kinetics. Thus, determinations of parameters like cooling rates using "mineral pairs" will be fraught with pitfalls, given the assumptions and absolute uncertainties involved, and there is a clear need for more systematic and comprehensive studies of diffusion kinetics in minerals of importance.
CONCLUDING REMARKS
The fundamental nature of noble gas decay systems (i.e., chemically inert daughter products) leads to a high degree of predictability of closure temperature with a minimum of assumptions regarding initial non-radiogenic components. Similarities in the manner in which we can treat diffusive loss of daughter product from K-Ar and U-Th/He decay make it convenient for us to review the underlying theory of thermochronology using these two systems as exemplars. The great versatility of K-Ar and U-Th/He thermochronometers, which provide geological temperature monitoring across the range from 500˚C to 60˚C, make them the most popular methods for extracting temperature-time histories form crustal rocks.
